Background
Since the discovery of the photochromic properties of some anil crystals, that is to say, a reversible change in colouration brought about by the absorption of electromagnetic radiation, by Senier et al. [1, 2 ] over a century ago, the photochemical reactions of anils and related molecules have enjoyed extensive experimental [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and theoretical [10, 11, [14] [15] [16] attention. Surprisingly, despite the longstanding debate over the mechanism and the structure of the product species of the photochromic process in anil crystals, [5, 8] relatively little effort has been made towards understanding the solid-state reaction mechanism using the methods of theoretical chemistry. In particular, to the best of our knowledge, a dynamical simulation of this reaction mechanism in its entirety has not previously been reported. Therefore, in the present work we have undertaken to study this mechanism using a recently reported variant of the QM/QM hybrid method [17] for the modelling of photochemical reactions in molecular crystals in which reactive molecules are disordered throughout a lattice of non-reactive, ground-state molecules. The crux of this method is the description of a reactive molecule and surrounding nonreactive molecules (which represent the bulk lattice) at different levels of ab initio theory, which enables the simultaneous treatment of the electronic excitation localised on the reactive molecule and the interactions of that molecule with the surrounding molecules in a periodic boundary condition framework. In what follows, the present state of research on the anil photoisomerisation reaction is reviewed briefly so as to provide context for our simulations of the photochemical reaction in the model anil N-salicylidene-2-chloroaniline (SCA).
The relevant reactions of anils are shown in Figure 1 on the example of the simplest anil, Nsalicylideneaniline (SA). The lowest-energy form of SA is the colourless cis-enol form, which exists in thermal equilibrium with the yellow cis-keto form. With increasing temperature, the population of the cis-keto form increases, giving rise to a stronger yellow colouration. This sensitivity to temperature of the equilibrium between the cis-enol and cis-keto forms is partially responsible for the thermochromic properties of SA and other anils in the solid state. Additionally, for some anil crystals at low temperatures, thermochromism also originates from the temperature dependence of the fluorescence spectra. [18] Figure 1. Thermo-and photochromic reactions of N-salicylideneaniline.
If the cis-enol form of SA is irradiated with UV light, a red trans-keto form is obtained. The reverse reaction is induced by visible light and leads to the cis-keto tautomer, which in turn is in thermal equilibrium with the cis-enol form. The mechanism of the cis-enol to trans-keto photoisomerisation in the isolated molecule of SA has been studied using DFT, time-dependent DFT (TD-DFT), CASPT2 and quantum dynamics simulations by
Ortiz-Sánchez and coworkers. [16] The lowest singlet excited state (S 1 ) of the cis-enol form of SA was calculated to be a π, π* state, in which the aniline group nitrogen is more basic relative to the salicylidene group oxygen. The S 1 surface of the cis-enol form was found to have two distinct reaction pathways, which are presented in Figure 2 . Also, the S 1 and S 0 potential energy surfaces calculated by Ortiz-Sánchez et al.
along both pathways are plotted schematically in Figure 3 .
In the first pathway, the cis-enol molecule in the S 1 state undergoes rapid (with a decay time of 49.6 fs)
excited-state intramolecular proton transfer (ESIPT) from the salicylidene group oxygen O1 to the aniline group nitrogen N1 which converts it into the cis-keto form. The molecule then undergoes a torsional motion of the salicylidene ring around the C3-C4 bond to reach a conical intersection (henceforth referred to as CI2)
between S 0 and S 1 . After passing through CI2, the molecule may be converted either to the trans-keto form or back to the cis-keto form; this internal conversion process was termed IC2 by Ortiz-Sánchez et al.
In the second pathway, through a torsional motion around the N1-C3 bond (see Figure 2 for atom numbering)
the cis-enol molecule decays rapidly (with a decay time of 37.7 fs) through another S 0 /S 1 conical intersection (which we label CI1), thus undergoing radiationless de-excitation to the ground state. Ortiz-Sánchez et al.
termed this internal conversion process leading to recovery of the starting enol form in a somewhat deformed geometry as IC1. In the solid state, the ability of anils to undergo cis-enol to trans-keto photoisomerisation depends on the packing of the molecules within the crystal lattice. Extensive crystallographic studies [4, 9, 12] have shown that in order for an anil crystal to be photochromic, the lattice must be relatively uncrowded, while the constituent molecules must exist in a non-planar conformation and must not engage in intermolecular π π interactions.
Conversely, tightly-packed structures which exhibit π-stacking are not photochromic. In the case of some nonphotochromic structures, the inability of molecules to undergo photoisomerisation can be ascribed to specific close contacts within the crystal lattice. [12] The crystal structure of the trans-keto product of the anil photoisomerisation reaction was obtained for the first time by Harada et al., [5] who also proposed a reaction mechanism (shown schematically in Figure 4 on the example of SCA) to explain the formation of the trans-keto isomer within the confined environment of the crystal lattice. According to this mechanism, following the initial photoexcitation and the subsequent ESIPT step, the cis-keto form is converted into the trans-keto form through a simultaneous torsion around the C2-N1
and C3-C4 bonds. This torsional motion is often called a "pedal" motion, due to its resemblance to the rotating pedals of a bicycle. The argument in favour of this mechanism is that the pedal motion requires less space within the crystal lattice than would be needed by a simple rotation of the salicylidene ring around the C3-C4 bond. The difference in the mechanistic course of the anil photoisomerisation reaction in the isolated molecule and in the solid state provides an example of the directing influence of the bulk crystal structure on the reactivity of the individual component molecules, an effect that is also characteristic of many other photochemical reactions occurring in molecular crystals. [19] [20] [21] [22] This, together with the potential technological applications of some anil crystals as optical materials, [23] [24] [25] makes this solid-state photoisomerisation reaction an interesting and important subject for theoretical study. In what follows, we describe the choice of the model compound under study in the present work and its crystal structure, before turning our attention to the QM/QM hybrid method that was employed to describe its dynamics.
Model system
We concerned ourselves with the photochromic polymorph of SCA whose crystal structure was reported by
Bregman et al., [26] and which has previously been presented as an example of a structure in which the photoisomerisation reaction is permitted by the packing of molecules. [8] Our choice was also motivated in part by the fact that it is one of the smallest anil molecules, with only a single substituent, which is an important consideration because of the steep scaling with system size of ab initio methods for the description of excited states.
The crystal structure of the photochromic polymorph of SCA is presented in Figure 5 , where it can be seen that the crystal packing does not feature π-stacking interactions between molecules. In the individual molecules, the chlorophenyl aromatic ring is twisted relative to the plane of the salicylidene ring. A leastsquares mean plane was fitted to the carbon atoms comprising the chlorophenyl ring, and another to the carbon atoms comprising the salicylidene ring, within the computer program Mercury 3.0. [27] The two planes form a dihedral angle of 51.4°, which lies in the range of dihedral angle values from around 30° to around 50° that is typical of photochromic anils. [12] For a further discussion of the molecular packing in the photochromic polymorph of SCA, the Reader is referred to Section 1 of the ESI. ‡ Here we state only the important conclusion that the crystal structure does not contain any voids near the aromatic rings of the SCA molecules, which suggests that a photoisomerisation mechanism involving a simple rotation around the C3-C4 bond would be likely to encounter significant steric obstruction, whereas the pedal-motion mechanism of Harada et al., in which the two aromatic rings are less strongly displaced from their crystallographic positions, seems likely to be able to proceed with less steric hindrance. 
Computational methods

Outline of simulation scheme
In the present section we provide a synopsis of the computational scheme that was used to study the photochemical reactions in the SCA crystal.
1. Firstly, geometries of the cis-enol, cis-keto and trans-keto isomers of the isolated SCA molecule were optimised at the DFT level of theory, and S 0 → S 1 excitation energies were calculated using the TD-DFT method.
2. A 1 × 1 × 2 supercell of the photochromic SCA polymorph, representing the bulk lattice, was thoroughly equilibrated by means of molecular dynamics (MD) simulation in the canonical ensemble on the ground-state potential energy surface.
3. Following equilibration, phase space points (i.e., sets of atomic coordinates and velocities) were sampled from the dynamics of the system at time intervals of 0.5 ps.
4. For each selected phase space point, photoexcitation to the S 1 state of a single molecule of SCA embedded within the crystal lattice was modeled by taking the system from the ground-state DFT potential energy surface to a hybrid QM/QM excited-state potential energy surface, in which the photoexcited molecule is treated using the TD-DFT method while the remaining molecules are described using ground-state DFT.
5. From each starting point generated in this manner, MD was propagated in the microcanonical ensemble on the hybrid QM/QM potential energy surface, thereby constituting a simulation of the photochemical reaction in the SCA crystal. The progress and outcome of the simulated trajectories was characterised by following several structural parameters, such as the proton transfer coordinate, the oxygen-nitrogen distance and the relevant torsion angles of the reactive molecule.
6. In order to test the correctness and accuracy of the TD-DFT method at predicting the S 1 potential energy surface of the SCA molecule, geometries of the photoexcited molecule were extracted from two representative system trajectories, and their energies were recalculated at the second-order approximate coupled cluster singles and doubles method (CC2) level of theory.
7. Having found that the simulated trajectories on the hybrid QM/QM potential energy surface show that the cis-enol to trans-keto isomerisation reaction in the SCA crystal proceeds through a mechanism involving the pedal motion, the same methodology was applied in order to model the reverse reaction.
A 1 × 1 × 2 supercell of the photochromic polymorph was constructed with a single molecule in the trans-keto form and the remaining seven molecules in the cis-enol form, and the photochemical reaction of the trans-keto molecule was simulated by repeating steps 2 to 6 for that system.
The various components of the simulation are described in detail in the following subsections.
Construction of the simulated system
In the photoisomerisation reaction of anils in the solid state, the trans-keto isomer does not appear as a separate phase, but instead the trans-keto molecules are distributed in the lattice of unreacted cis-enol molecules in a disordered fashion. 5, 8 As a result, in the case that only a small fraction of molecules undergo photoisomerisation, as is typical under experimental conditions, most reactive molecules are surrounded by nonreactive molecules. In order to reproduce these circumstances in the present theoretical study, simulations of the cis-enol to trans-keto photoisomerisation (which we will henceforth call the forward reaction) were carried out in the 1 × 1 × 2 supercell of the photochromic polymorph containing eight cis-enol molecules, of which only one was photoexcited. As the eight molecules contained in the supercell are related by symmetry, and therefore start off as equivalent, it does not matter which molecule we select as the photoexcited molecule. In Figure 6 (a), we present the simulated system with the arbitrarily chosen photoexcited molecule drawn in blue. From now on, we will denote the entire simulated system, comprising the photoexcited molecule and the seven nonreactive molecules which represent the surrounding bulk lattice, as S while the photoexcited molecule alone will be referred to as C. Likewise, simulations of the trans-keto to cis-enol photoisomerisation (the reverse reaction) were also carried out in a 1 × 1 × 2 supercell of the photochromic polymorph, but with one molecule converted into the transketo isomer. The procedure applied in order to "dock" the trans-keto molecule into the supercell is described in Section 2 of the ESI. ‡ The resulting minimum-energy geometry of the 1 × 1 × 2 supercell containing one trans-keto molecule is illustrated in Figure 6 (b).
Although this is not readily apparent in Figure 6 , the photoexcited molecule within the 1 × 1 × 2 supercell of the photochromic polymorph of SCA is separated from periodic images of itself by nonreactive ground-state molecules. More formally, the shortest distance between the photoexcited molecule and its periodic images is fairly long, at 6.3 Å. We therefore believe that 1 × 1 × 2 supercell is a large enough system so as not to introduce periodic boundary conditions artefacts into the behaviour of the photoexcited molecule.
In the case of N-3,5-di-tert-butylsalicylidene-3-nitroaniline, the conversion of around 10% of the starting material into the trans-keto form resulted in only slight changes in the unit cell dimensions and very slight cell volume expansion (around 0.5%). 5 Therefore, as a simplifying approximation, the dimensions of the simulated 1 × 1 × 2 supercell were taken from the experimental structure 26 and were fixed throughout all MD simulations.
The QM/QM hybrid method
Because the simulated system contains a clearly defined reaction site (the reactive photoexcited molecule), while the surrounding molecules representing the bulk lattice do not directly participate in the reaction, it naturally lends itself to the application of a previously reported implementation of the subtractive QM/QM hybrid simulation method, 17 whereby the photoexcited molecule and the surrounding molecules are treated using time-dependent density functional theory (TD-DFT) and ground-state density functional theory (DFT), respectively. Here we briefly summarise the main features of this method, which we shall henceforth refer to as TD-DFT/DFT, and refer the reader to our previous work for a more detailed discussion.
The TD-DFT/DFT method is an adaptation of the subtractive QM/MM scheme [28] for the purpose of simulating photochemical reactions in molecular crystals at a model chemistry based exclusively on ab initio methods. Within the TD-DFT/DFT computation, the photoexcited molecule is treated using TD-DFT with a
Gaussian-type orbital set, while the surrounding molecules are described using a periodic ground-state DFT calculation coupled with a plane-wave basis set, with the atomic cores replaced by pseudopotentials. The potential energy surface for the entire system is constructed using the following expression:
Here, the subscripts TD-DFT and DFT refer to the electronic structure methods, while the superscripts PW (plane wave) and GTO (Gaussian-type orbital) refer to the basis sets used for the evaluation of the respective terms.
The term E PW DFT (S) represents the potential energy of the entire system evaluated through a periodic groundstate DFT calculation. It includes all interactions between the photoexcited molecule and the surrounding bulk lattice, and as such the TD-DFT/DFT simulation treats these interactions as though the photoexcited molecule was in the electronic ground state, which is an approximation of the subtractive QM/QM scheme. 
Simulation setup
Isolated-molecule calculations
Geometry optimisations of the cis-enol, cis-keto and trans-keto isomers of the isolated SCA molecule were carried out at the DFT level of theory using the PBE0 [29] exchange-correlation functional coupled with the 6-31G(d,p) basis set as implemented in the computational chemistry software package Gaussian 09. [30] Vertical S 0 → S 1 excitation energies were calculated at the optimised geometries using the TD-DFT method. The same level of theory was applied in the calculation of the term E GTO TD-DFT (C) in the TD-DFT/DFT simulations.
Our choice of the TD-DFT method for the treatment of the S 1 state of the photoexcited SCA molecule was dictated by the fact that it has previously been demonstrated to predict the topology of the potential energy surface of that state in good agreement with the multiconfigurational CASPT2 method, [16] as well as its superior computational efficiency as compared with wavefunction-based excited-state methods. A more indepth analysis of the applicability of the TD-DFT method to describe the S 1 state is given below in Section 3.4.3.
Solid-state calculations
In the equilibration of the SCA 1 × 1 × 2 supercell in the ground electronic state, the potential energy of the system was evaluated using the Perdew, Burke, Ernzerhof exchange-correlation DFT functional [31] as implemented in the software package CASTEP Academic Release version 5.501. [32] The plane-wave cutoff was set at 450 eV. The electronic Brillouin zone was sampled by using a Monkhorst-Pack k-point grid with a k-point spacing of at most 0.1 Å −1
, achieved using a single k-point at the Γ-point (0 0 0). The default ultrasoft pseudopotentials were used. [33] Energies and forces were corrected for dispersion interactions using the semiempirical scheme of Grimme. [34] The SCF convergence threshold was set to 1.0 × 10 −7 eV per atom. The same level of theory was applied in the evaluation of the term E PW DFT (S) in the TD-DFT/DFT simulations.
When calculating the term E PW DFT (C) in the hybrid TD-DFT simulations, the reactive molecule was placed in a cubic cell of edge length 20 Å, which was found to be large enough that the total energy did not change significantly on increasing the cell size further. The electronic Brillouin zone was sampled at the Γ-point only.
The remaining calculation parameters were identical as in the evaluation of the term E PW DFT (S).
Lastly, the term E PW DFT (S) was evaluated using the TD-DFT method implemented within Gaussian 09 [30] at the PBE0/6-31G(d,p) level of theory, with the reactive molecule C in the S 1 electronic state.
The system was equilibrated by propagating Born-Oppenheimer molecular dynamics in the canonical (NVT) ensemble for 4 ps, following a production run was carried out, which lasted 7.5 ps and 3.5 ps for the supercells used in the simulations of the forward and reverse reactions, respectively. Throughout the equilibration and production periods, the temperature was maintained at 280 K using a chain of five Nosè-Hoover thermostats with a relaxation time of τ = 1 ps. A time step of 0.5 fs was used throughout the equilibration and production periods. Phase space points were collected from the production run at intervals of 0.5 ps starting fromt = 4 ps to serve as starting points for the hybrid QM/QM simulations of the photochemical reaction, for a total of sixteen and eight starting points for the simulations of the forward and reverse reactions, respectively.
From each of these starting points, Born-Oppenheimer molecular dynamics in the microcanonical (NVE) ensemble was propagated on the hybrid TD-DFT/DFT potential energy surface defined by eqn (1), with the photoexcited molecule in the S 1 electronic state. These simulations were handled using a "wrapper" bash script, which created the Gaussian 09 and CASTEP input files, executed these programs, calculated the potential energy and the atomic forces, and integrated Newton's equations of motion. The force vector on the ith atom in the system was calculated as minus the gradient of the potential energy given by eqn (1) with respect to the Cartesian coordinates of that atom, resulting in the following expression for the force:
Newton's equations of motion were integrated using the Velocity Verlet scheme with a time step of 0.5 fs. On the grounds that previous studies of the ESIPT reaction in the structurally related molecule 2-(2′-hydroxyphenyl)benzothiazole 35, 36 have characterised the proton transfer as a ballistic motion of the wave packet, with no significant involvement of proton tunneling, we believe the treatment of the shuttling proton as a classical point particle does not introduce large errors into our simulations of the photochromic polymorph of SCA. The system dynamics was propagated until the photoexcited molecule reached a S 1 /S 0 conical intersection, which occurred in every simulated trajectory.
Assessment of the accuracy of the TD-DFT method
Methods such as DFT and TD-DFT are incapable of providing a qualitatively correct description of a potential energy surface near a conical intersection, where the molecular wavefunction has an inherent multiconfigurational character. Their usage may therefore generate simulation artefacts when the photoexcited molecule approaches a conical intersection, as happens in the photochemical reaction of SCA. Moreover, by analogy with the photochemical reactions of the molecules 2-(2′-hydroxyphenyl)benzothiazole [37] and 7-(2′-pyridyl)indole, [38] in both of which the ESIPT reaction is followed by a mutual twist of two aromatic rings, we may expect that during the torsional motions through which the SCA molecule reaches an S 1 /S 0 conical intersection, the molecule adopts a strong biradicaloid character. Methods such as DFT and TD-DFT may incorrectly predict the charge distribution of a biradicaloid state, which represents another potential source of error in the hybrid TD-DFT/DFT simulations. These factors necessitate a critical evaluation of the ability of the TD-DFT method to describe the photochemical reaction of SCA.
Fortunately, Ortiz-Sánchez and coworkers [16] have provided evidence that the TD-DFT method is able to describe the S 1 potential energy surface surface of the SA molecule. In the work just cited, the TD-DFT method was found to predict the existence of two S 1 /S 0 conical intersections (CI1 and CI2; see Figure 3 for the location of these conical intersections on the potential energy surface) involved in the isolated-molecule reaction mechanism, in the sense that near the conical intersection geometries, the energy gap between the S 0 and S 1 states becomes very small. Both these conical intersections were subsequently confirmed to exist, at geometries similar to the TD-DFT-derived geometries, at the CASPT2 level of theory, which is capable of providing a correct description of conical intersections as well as biradicals. Therefore, insofar as the results obtained for SA can be extrapolated to its derivative SCA, we believe that the use of the TD-DFT method to describe the S 1 state of the SCA molecule is unlikely to lead to simulation artefacts such as spurious conical intersections.
Nevertheless, despite the demonstrated ability of the TD-DFT method to predict the existence and rough location of the relevant conical intersections of the SA molecule, we took effort to further assess the ability of the TD-DFT to describe the S 1 state of SCA. In order to achieve this, geometries of the photoexcited molecule were extracted from two representative MD trajectories generated on the TD-DFT/DFT potential energy surface (see Sections 4.3.1 and 4.3.2 for a full discussion of the two selected trajectories). The energies of the ground and excited states of the photoexcited molecule were subsequently calculated at the second-order approximate coupled-cluster (CC2) level of theory and compared with those computed using the TD-DFT method, which constitutes a post factumassessment of the performance of the TD-DFT method employed in the TD-DFT/DFT simulations. While the CC2 method itself, being a single-configurational method, is not capable of providing a description of conical intersections, and may also incorrectly predict the charge distribution of a biradicaloid state, in studies of ESIPT systems where it was benchmarked against multiconfigurational methods the CC2 method was found to correctly locate the relevant conical intersections, in that the energy gaps between the S 0 and S 1 states became small in the conical intersection regions. [37, 39] The CC2 method is therefore not to be treated as an exact benchmark for the TD-DFT method, but rather it is meant to help identify a possible failure of TD-DFT to correctly describe the S 1 state. We may expect that any strong discrepancy between energies of the S 1 state between the TD-DFT and CC2 methods would indicate that either or both of these methods is yielding inaccurate results.
We remark here that instead of the CC2 method, it clearly would have been more appropriate to use a dynamically correlated multiconfigurational method such as CASPT2 to serve as a benchmark for the TD-DFT calculations. However, it is likely that a very extensive active space (larger than ten electrons in ten orbitals) would be necessary to provide an accurate description of the entire potential energy surface of the SA molecule. [16] In the present work, the energy of the photoexcited molecule is calculated along TD-DFT/DFT trajectories in which the photoexcited molecule undergoes large structural changes, thus exploring a sizeable area of the potential energy surface, and therefore due to computational limitations, we did not attempt to apply a multiconfigurational method.
The energies of the S 0 and S 1 states of the reactive SCA molecule were calculated through single-point calculations at the CC2 [40] level of theory as implemented in the computational chemistry software package TURBOMOLE version 6.4, 41 taking advantage of the parallel implementation of the ricc2 program. [42, 43] The frozen core and the resolution-of-the-identity approximations were used in all calculations. The cc-pVDZ basis set [44, 45] was used for hydrogen, carbon and chlorine atoms, whereas for nitrogen and oxygen atoms, additional diffuse functions were applied by employing the aug-cc-pVDZ basis set. [46] The auxiliary basis set was cc-pVDZ for hydrogen, carbon and chlorine and aug-cc-pVDZ for nitrogen and oxygen. [47] Such single-point CC2 calculations were performed along two representative trajectories on the TD-DFT/DFT potential energy surface at intervals of 10 fs, except during the final 50 fs of each trajectory, when the single-point calculations were performed at intervals of 5 fs.
Results and discussion
Energy minima of the isolated molecule
Geometries of the cis-enol, cis-keto and trans-keto isomers of SCA optimised at the PBE0/6-31G(d,p) level of theory are shown in Figure 7 (a)-(c), respectively. In order to be able to monitor the conformational changes of the reactive molecule during simulations on the TD-DFT/DFT potential energy surface, we followed the four torsion angles (N1-C3-C4-C5), (C2-N1-C3-C4), (H2-C3-C4-C5) and (C1-C2-N1-C3) (see Figure   7 (a) for atom numbering). The ground-state potential energies, S 0 → S 1 vertical excitation energies calculated using the TD-DFT method, and values of the four torsion angles which describe the molecular conformation of the isomers of SCA are given in Table 1 . Figure 7 (a) for atom numbering.)
cis-enol cis-keto trans-keto E(S
As can be read from Table 1 , the cis-enol isomer is the lowest in energy, followed by the cis-keto, while the trans-keto is much higher in energy. In all three isomers, the hydroxyphenyl moiety and the atoms C2, N1, C3
lie roughly on the same plane, whereas the chlorophenyl moiety is twisted relative to that plane. 
Photochemical reaction in SCA crystal
The mechanistic course of the photochemical reactions in the SCA crystal was followed with the use of several structural parameters whose definitions we will now present. The proton transfer reaction was monitored through the O1-H1 and N1-H1 distances, and proton transfer was considered to have occurred at the point when these distances became equal. Although in principle it is possible for the shuttling proton to undergo back transfer from nitrogen N1 to oxygen O1, and hence cross through R(O1-H1) R(N1-H1) more than once, this did not happen in any of the simulated trajectories. Additionally, throughout each simulated trajectory we kept track of the proton donor-acceptor distance, R(O1-N1). The skeletal deformations of the reactive SCA molecule were monitored by following the four torsion angles which have already been defined in Section 4.1.
In order to detect when the system approaches a conical intersection between the ground-and excited-state potential energy surfaces, throughout each trajectory we also followed the ground-state potential energy of the system, which is defined by:
where E GTO DFT (C) stands for the ground-state potential energy of the photoexcited molecule, calculated at the PBE0/6-31G(d,p) level of theory. The system was considered to have reached an S 1 /S 0 CI when the potential energy gap between the excited and ground states, ΔE = E(S 1 ) − E(S 0 ) = E GTO TD-DFT (C) −E GTO DFT (C), decreased to below the arbitrarily chosen threshold of 0.1 eV. Because of the inability of the TD-DFT method to provide a correct description of the conical intersection region, the simulation was discontinued once the system reached an S 1 /S 0 CI, which occurred in every simulated trajectory.
We begin by considering the mechanism of the forward reaction. As will be explained in Sections 4.3.1 and 4.3.2, where two representative trajectories are discussed in detail, the MD trajectories generated on the TD-DFT/DFT potential energy surface revealed two distinct reaction pathways of the photoexcited cis-enol molecule. In the first pathway, the molecule undergoes the ESIPT reaction and subsequently reaches an S 1 /S 0 conical intersection through a pedal motion of the type predicted by Harada et al. The conical intersection reached in the first reaction pathway will from now on be denoted by CIP (short for conical intersection-pedal motion). In the second pathway, the reactive molecule reaches another conical intersection, whose geometry is similar in many respects to the conical intersection CI1 involved in the isolated-molecule reaction mechanism.
The results of all sixteen simulated trajectories of the forward reaction are reviewed in Table 2 below. Proton transfer occurred in seven trajectories within an average of 25 fs of the initial photoexcitation. Following proton transfer, in each of these trajectories the photoexcited molecule persisted in the cis-keto form for a period of time, before reaching CIP on average 420 fs after the initial photoexcitation. In the remaining nine trajectories, proton transfer did not take place, and instead the photoexcited molecule reached CI1 on average 110 fs after the initial photoexcitation. From the fact that CI1 is reached very rapidly, we may deduce that this conical intersection is accessible with little or no potential energy barrier. On the other hand, judging from the fact that following the ESIPT reaction, the molecule always persisted in the cis-keto form for a few hundred femtoseconds before undergoing the pedal motion, there probably exists a low potential barrier separating the photoexcited cis-keto form from the conical intersection CIP. a PT, CI1 and CIP stand for "proton transfer", "reached CI1" and "reached CIP", respectively.b t PT , t CI1 and t CIP are respectively the time at which proton transfer took place and the time at which the photoexcited molecule reached CI1 and CIP, where t = 0 corresponds to the photoexcitation time.c ΔE(t = 0) is the energy gap between the ground state and the first singlet excited state at t = 0.
Table 2. Results of simulated trajectories of the forward reaction
Of the eight simulated trajectories of the reverse reaction, which we number 1′ to 8′, two did not reach a conical intersection within a time limit of 1.5 ps, and these simulations were therefore discontinued due to computational time concerns. In each of the remaining six trajectories, the reactive molecule which was initially in the trans-keto form reached an S 1 /S 0 conical intersection by undergoing a pedal motion.
Interestingly, this pedal motion was not simply a reversal of the pedal motion involved in the forward reaction, but rather proceeded in the same direction as the one involved in the forward reaction. (To use the analogy with the pedals of a bicycle, if the forward reaction is a half-turn of the pedals, then the reverse reaction is another half-turn in the same direction, and not a half-turn in the opposite direction.) In order to distinguish it from the conical intersection geometry CIP reached in some of the trajectories of the forward reaction, we will call the S 1 /S 0 conical intersection reached in the trajectories of the reverse reaction CIP′. b t CIP′ is the time at which the photoexcited molecule reached CIP′, where t = 0 corresponds to the photoexcitation time.
c ΔE(t = 0) is the energy gap between the ground state and the first singlet excited state at t = 0. In what follows we describe in detail two representative trajectories of the forward reaction, of which one reached CIP and the other CI1, and a single trajectory of the reverse reaction, which reached CIP′. To accompany this narrative, in the ESI ‡ we provide a series of animations showing important events in each of these trajectories.
Trajectory 1 of the forward reaction
In trajectory 1, following ESIPT t = 24.5 fs, the reactive molecule underwent a pedal motion conformational change and reached CIP at t = 313.5 fs, at which point the simulation was terminated.
In Figure 8 showing how the energy gap between these two states decreases from 3.636 eV at t = 0 to 1.759 eV at t = 100 fs.
The projection can be partitioned into segments which correspond to specific events that occur during the initial 100 fs of trajectory 1; these are marked as a tod. Point a is the point at which the initial photoexcitation occurred, and it corresponds to the reactive molecule existing in the cis-enol form. Segment b is roughly parallel to the proton donor-acceptor distance coordinate, R(O1-N1), and corresponds to a shortening of the distance between the two oxygen and nitrogen atoms before the proton transfer step. The next segment c, largely parallel to the proton transfer coordinate, is the proton transfer step which converts the photoexcited molecule from the cis-enol to the cis-keto form. Further along the trajectory, segment d marks the beginning of the period when the molecule persists in the cis-keto form, which lasts until around t = 250 fs. The proton transfer event is also visible as a crossing of the curves R(O1-H1) and R(N1-H1) in Figure 8 (b), which describes the variation in the distances O1-H1, N1-H1 and O1-N1 over the entire trajectory 1. Figure 8 (c), in turn, shows the time-evolution of the four torsion angles which describe the molecular conformation. In this plot the period of time from t = 0 to around 250 fs is largely uneventful, exhibiting some small-amplitude oscillations of the four torsion angles but no marked structural change. At around t = 250 fs, however, the torsion angles (N1-C3-C4-C5), (H2-C3-C4-C5) and (C1-C2-N1-C3) simultaneously began to change more rapidly in a manner suggesting a concerted twist around the C2-N1 and C3-C4 bonds.
This continued until the molecule reached an S 1 /S 0 conical intersection at t = 313.5 fs. We now turn our attention to the geometry of the system as it reached that conical intersection, which is overlaid on the experimental crystal structure of SCA inFigure 9. The positions of carbon C3 and nitrogen N1
indicate that the photoexcited molecule is in the process of what can confidently be described as a pedal motion, with C3 being located above its crystallographic position while N1 is beneath its crystallographic position (here, 'above' and 'below' refer, of course, to the orientation of the system as illustrated in Figure 9 ).
From Figure 9 we observe that the surrounding ground-state molecules are all fairly close to their crystallographic positions, which suggests that it is not necessary for the surrounding molecules to become displaced away from the photoexcited molecule in order to make room for the pedal motion.
Through a survey of the other simulated trajectories, it was found that in all trajectories in which the photoexcited molecule underwent proton transfer, it subsequently reached an S 1 /S 0 conical intersection through a twisting motion similar to the one that took place in trajectory 1. In each case, carbon C3 moved upwards while nitrogen N1 simultaneously moved downwards, and the values of the torsion angles (N1-C3-C4-C5) and (H2-C3-C4-C5) decreased, while concurrently the value of (C1-C2-N1-C3) increased.
We therefore conclude that MD simulations on the TD-DFT/DFT potential energy surface consistently predict that following proton transfer, the photoexcited molecule undergoes a pedal motion, thereby reaching an the S 1 /S 0 conical intersection that we denote CIP. Furthermore, the pedal motion is predicted to always proceed in the same direction.
It must be pointed out that this result does not, in itself, prove that by passing through CIP, the reactive molecule undergoes isomerisation to the trans-keto form, because after passing through CIP the molecule may also relax back to the cis-keto geometry. It seems, however, very unlikely that the cis-enol to trans-keto photoisomerisation should proceed through a different pathway, because any such pathway would necessarily compete with the very rapid pathway which involves the radiationless de-excitation of the reactive molecule by reaching CIP. Hence, it may be inferred that this reaction proceeds through the mechanism previously proposed through a pedal motion of the type by Harada et al.
It is noteworthy that in a recent study by Robert et al [10] of the cis-enol to trans-keto solid-state photoisomerisation reaction of N-salicylideneaminopyridines, which are structurally very similar to anils, the pedal motion was not found to be accompanied by the reactive molecule crossing an S 1 /S 0 conical intersection. Instead, the pedal motion was predicted to proceed completely in the S 1 state, thus painting a qualitatively different picture of the reaction mechanism. This non-detection of a conical intersection in the work just cited may possibly be attributed to fact that the energies of the S 1 state were calculated using the CISingles method, which has the serious drawback of not including electron correlation effects, and it could therefore conceivably give rise a qualitatively incorrect topology of the S 1 potential energy surface. 
Trajectory 3 of the forward reaction
In trajectory 3, the photoexcited molecule reached CI1 at t = 120.0 fs, providing an example of the second reaction pathway of the photochromic polymorph of SCA that leads to the recovery of the starting cis-enol form. As evidenced by Figure 11(a) , where the distances O1-H1, N1-H1 and O1-N1 are plotted as a function of time, proton transfer did not occur during this trajectory. At around t = 40 fs the N1-H1 and O1-N1 distances began to elongate, until at around t = 100 fs the hydrogen bond of the reactive molecule was nearly ruptured. From around t = 100 fs until the end of the trajectory at t = 120.0 fs, both of these distances were shortening again, indicating the reformation of the hydrogen bond.
In Figure 11 (b), we present the time-evolution of the four torsion angles which describe the molecular conformation in the course of trajectory 3. In the period of time from t = 0 to around t = 50 fs, the photoexcited molecule underwent no significant structural changes, but from around t = 50 fs, concurrently with the weakening of the O1-H1 N1 hydrogen bond, the value of torsion angle (C2-N1-C3-C4) began to undergo a marked decrease, revealing that the molecule was undergoing a torsional motion around the N1-C3
bond. The twisting around this bond (compare Figure 9(c) , where the torsion angle (C2-N1-C3-C4)
remains near 180° throughout the entire trajectory 1) and the nonoccurrence of ESIPT indicate clearly that in trajectory 3, the photochemical reaction proceeded in a qualitatively different manner to that in trajectory 1. conical intersection is reminiscent of the photoreaction pathway IC1 predicted previously [16] for the isolated Nsalicylideneaniline molecule, which leads to the recovery of the initial cis-enol form. The fact that in the solidstate reaction of SCA, the salicylidene and chlorophenyl rings do not participate in the torsional motion, but instead remain close to their respective crystallographic positions, can be rationalised by noting that (as explained in Section 2) the crystal structure of the photochromic polymorph of SCA does not contain any large voids, and therefore both rings are constrained to remain near their crystallographic positions. On the basis of the above, we identify the motion observed in trajectory 3 with the IC1 pathway of the isolated molecule.
In Figure 13 , the energies of the S 0 and S 1 states of the reactive SCA molecule in trajectory 3, computed using the DFT, TD-DFT and CC2 methods, are plotted as a function of time. Throughout the entire trajectory, the CC2 method very closely reproduces the energies of the S 0 and S 1 states as calculated using the DFT and TD-DFT methods, respectively. The mean absolute deviation in energy between the TD-DFT and CC2 methods is 0.13 eV for the S 0 state and 0.10 eV for the S 1 . In consistency with the TD-DFT method, the CC2 method predicts that an S 1 /S 0 conical intersection is reached at the end point of trajectory 3. 
Trajectory 3′ of the reverse reaction
In trajectory 3′, following the initial photoexcitation the reactive trans-keto molecule persisted with no significant conformational change for around 380 fs before undergoing a pedal motion, which led to it reaching the S 1 /S 0 conical intersection geometry which we have termed CIP′.
The time-evolution of the torsion angles (N1-C3-C4-C5), (C2-N1-C3-C4), (H2-C3-C4-C5) and (C1-C2-N1-C3) along trajectory 3′ is shown inFigure 14. From t = 0 to around t = 380 fs, all four of these torsion angles remained fairly stable, indicating that the reactive molecule underwent no significant conformational changes during this period. At around t = 380 fs, however, the molecule began to undergo a pedal motion, which manifested itself as a gradual decrease of the values of the torsion angles (N1-C3-C4-C5) and (H2-C3-C4-C5), and an increase in (C1-C2-N1-C3), until at t = 591.0 fs the reactive molecule reached CIP′. The value of (C2-N1-C3-C4) was close to 180° throughout the entire trajectory, indicating that the atoms C2, N1, C3 and C4 which connect the two aromatic rings of the reactive molecule remained roughly coplanar while the molecule underwent the pedal motion. A survey of the other trajectories of the reverse reaction shows that these features are typical of all trajectories that reached CIP′, and that in every case, the pedal motion proceeded in the same direction.
It is quite notable that in the forward reaction pathway which involves the reactive molecule reaching CIP through a pedal motion, as shown on the example ofFigure 8(c), the pedal motion also proceeds with a decrease of the values of the torsion angles (N1-C3-C4-C5) and (H2-C3-C4-C5), and an increase of the value of (C1-C2-N1-C3). Thus, we arrive at the surprising conclusion that while the reverse reaction also occurs through a pedal motion, that pedal motion is not a reversal of the one involved in the forward reaction, but proceeds in the same direction. This finding may seem counterintuitive at first, because it might be assumed that the minimum energy pathway for the forward reaction must be the same as the minimum energy pathway for the reverse reaction; if that were the case for the photoisomerisation reaction for SCA, then the pedal motion involved in the reverse reaction would be a reversion of the one that occurs in the forward reaction. However, the above assumption only holds true for reactions that occur in their entirety on single potential energy surfaces. The photoisomerisation of SCA, on the other hand, takes place not on a single potential energy surface, but on two surfaces, such that during the reaction, the molecule undergoes radiationless de-excitation from one surface to another, which renders that assumption invalid. Accordingly, there does not seem to be a theoretical reason to expect that the pedal motions involved in the forward and reverse photoisomerisations must proceed in opposite directions. In Figure 15 , we present the geometry of the system upon reaching the conical intersection CIP′, overlaid on the experimental crystal structure of SCA. The chlorophenyl ring can be seen to be significantly shifted in its own plane relative to its crystallographic position, while the salicylidene ring is slightly tilted away from its crystallographic position. These displacements likely arose both from the fact that the reactive molecule is in the process of undergoing a pedal motion, as well as from the fact that it started out in the trans-keto form, which probably does not "fit" perfectly into the bulk crystal lattice composed of cis-enol molecules. The atoms N1 and C3 are above and below, respectively, their crystallographic positions, which again shows that the pedal motion through which CIP′ is reached is not a reversal of the pedal motion involved in the forward reaction mechanism, but proceeds in the same direction.
Due to the long duration of trajectory 3′ and the fact that the reactive molecule initially persists in the transketo form with no significant structural changes, in our assessment of the performance of the TD-DFT method along that trajectory we restrict ourselves to considering its final part. In Figure 16 , the energies of the S 0 and S 1 states of the reactive SCA molecule, computed using the DFT, TD-DFT and CC2 methods, are plotted as a function of time along the final 100 fs of trajectory 3′. It can be seen from Figure 16 that for both states during this period, the agreement between the DFT and TD-DFT energies on the one hand, and the CC2 energies on the other, is only adequate. Indeed, the values of the mean absolute deviation between the DFT, TD-DFT and CC2 energies over this period are fairly high at 0.25 eV and 0.30 eV for the S 0 and S 1 states, respectively.
However, in qualitative terms, the TD-DFT and the CC2 method both predict that the reactive molecule is approaching a conical intersection. We therefore believe that the somewhat poor agreement between the energies computed using these two methods is a result of both methods being stretched to the limit when applied to a possibly biradicaloid molecule near a conical intersection, and that it does not represent a qualitative failure of either method. 
Conclusions
The photochemical reactions of the photochromic polymorph of the anil N-salicylidene-2-chloroaniline were modeled by molecular dynamics simulations employing the hybrid TD-DFT/DFT method to generate the potential energy surface for the solid-state system. It was found that after the initial photoexcitation, the cis-enol isomer has two reaction pathways available to it, which occur with similar probability. The first pathway begins with the ESIPT reaction that converts the photoexcited molecule into the cis-keto form. The reactive molecule then persists in the cis-keto form, until at an average of 420 fs after the initial photoexcitation event it reaches the conical intersection CIP through a pedal motion (a simultaneous torsion around the C2-N1 and C3-C4 bonds). Because its rapidity precludes the existence of other cis-enol to trans-keto photoisomerisation pathways, we infer that this pathway is responsible for the photoisomerisation reaction.
The second reaction pathway of the cis-enol isomer is analogous to the IC1 reaction channel which has been characterised previously for the isolated N-salicylideneaniline molecule, and proceeds through a torsion around the N1-C3 bond, leading to the recovery of the ground state of the starting cis-enol form within an average of 110 fs of the initial photoexcitation.
The trans-keto isomer, on the other hand, exhibits only a single reaction pathway. Following the initial photoexcitation, the trans-keto molecule remains in a largely unchanged conformation for a period of time ranging from a few hundred femtoseconds to over a picosecond, before undergoing a pedal motion in the same direction as the one which occurs in the cis-enol to trans-keto photoisomerisation. Through this pedal motion, the molecule reaches an S 1 /S 0 conical intersection where it undergoes radiationless de-excitation, and proceeds to relax towards either the cis-keto or trans-keto form on the ground-state potential energy surface.
To the best of our knowledge this is the first report of a molecular dynamics simulation supporting the anil photoisomerisation reaction in the solid state proceeding through a pedal motion.
